I. INTRODUCTION
While comprehensive theoretical models and simulations have been developed to the stage of being able to quantitatively predict turbulence and transport in fusion plasmas, 1-5 detailed experimental comparisons and validations remain a challenge. Comparisons of simulated turbulence with experimental measurements are difficult because turbulence diagnostics are limited by system response and do not exactly measure the quantities being simulated. One approach to resolve this issue is through the use of a "virtual diagnostic" 6 built into the output of numerical simulation to emulate diagnostic measurements with proper system response and sensitivity included.
The phase contrast imaging diagnostic ͑PCI͒ in Alcator C-Mod ͑Ref. 7͒ has been used to study drift-wave type turbulence. However, the previous studies were limited to experimental observation, 8 or at best a qualitative comparison with numerical simulation. 9 The recent development of an improved calibration for the PCI system allows for the intensity of the observed fluctuations to be determined absolutely. 10 Furthermore, development of the synthetic PCI diagnostic 11 on GYRO ͑Ref. 1͒ allow for direct and quantitative comparisons between the PCI measurements and numerical predictions. In this paper, we present studies of turbulence and transport in C-Mod H-mode plasmas using the calibrated PCI and synthetic diagnostic tools. We also examine H-mode plasmas with internal transport barriers ͑ITBs͒ assisted with ion cyclotron resonance frequency ͑ICRF͒ heating. 12 Because of its reduced energy and/or particle transport and improved confinement, understanding ITB physics remains of great interest to the fusion community. Our studies focus on the plasma both before and after the ITB formation as on and off-axis ICRF heating is applied. This paper is organized as follows: In Sec. II, the experimental setup is presented; in Sec. III, fluctuation measurements are presented; in Sec. IV, the gyrokinetic simulation of turbulence and transport is discussed; in Sec. V, a comparison is given between fluctuation measurements and GYRO predictions. Finally, in Sec. VI the conclusions are presented.
II. EXPERIMENTAL SETUP
Alcator C-Mod ͑Ref. 13͒ is a compact ͑major radius R 0 = 0.67 m and minor radius a = 0.22 m͒ and diverted tokamak with molybdenum-facing components with the capabilities to operate at high toroidal magnetic field B ͑up to 8.0 T͒, high plasma current I P ͑up to 2 MA͒, and high averaged electron density n e ͑up to 6 ϫ 10 20 m −3 ͒. The primary auxiliary heating in C-Mod is rf waves in ion cyclotron range of frequencies ͑ICRF͒ launched by two two-strap antennas at 80 MHz and one four-strap antenna with a tunable frequency from 50 to 80 MHz, which can provide an input power up to 6 MW.
14 For the case studied here, the ICRF antennas are configured for hydrogen minority resonance heating in deuterium majority plasmas.
The experiments considered here were conducted with the on-axis toroidal magnetic 4.5 T and the plasma current of 0.8 MA. Time traces of the major parameters of a typical plasma discharge are shown in Fig. 1 . At t = 0.8 s, the enhanced D ␣ ͑EDA͒ H-mode 15 is fully developed, following application of the off-axis ͑r / a = 0.5͒ ICRF heating of 2.0 MW at 80 MHz on the high field side starting at t = 0.7 s. After another ϳ0.28 s, an ITB is established at t = 1.08 s, manifesting itself in steepened density profiles ͑see Fig. 2͒ . Earlier experiments found that impurities accumulate in the plasma core after the ITB formation, which can lead to a radiative collapse of the transport barrier. 16 To control the impurity accumulation and maintain the steady ITB, an additional on-axis ͑r / a = 0.1͒ ICRF heating power of 0.6 MW at 70 MHz is added. 17 This added on-axis ICRF heating arrests the density rise, as shown in Fig. 1͑c͒ , where the lineintegrated density ceases to increase after the on-axis heating is added. As a result, the ITB lasts for another ϳ0.3 s until the end of the ICRF heating pulse at t = 1.5 s. The on-axis ICRF heating also causes a near-doubling of the fusion neutron rate, as shown in Fig. 1͑b͒ . In addition, the intensity of the D ␣ emission increases after the on-axis ICRF heating is added, which suggests an impact of the extra on-axis heating on plasma edge turbulence.
The ITB plasmas in Alcator C-Mod feature a peaked electron density profile, as shown in Fig. 2͑a͒ , while the induced change in the electron temperature profiles during ITB is much less pronounced ͓see Fig. 2͑b͔͒ . At such high electron density, the electrons and ions are strongly coupled due to collisions and T i Ӎ T e .
We also want to point out that the experimental features of ITB in the consider plasmas are not very apparent. Our later transport analysis ͑Fig. 8͒ in Sec. V shows that the effective thermal diffusivity drops from 0.4 m 2 / s to 0.2 m 2 / s at r / a = 0.5 after the ITB onset, which confirms the existence of an ITB.
III. FLUCTUATION MEASUREMENTS
To study the change in turbulent transport as an ITB forms, it is of great importance to measure the change in turbulent fluctuations. In Alcator C-Mod, the phase contrast imaging ͑PCI͒ diagnostic has been used to monitor these fluctuations. 7 PCI is an internal reference interferometer technique, and as shown in Fig. 3 , the entire expanded CO 2 laser beam at 10.6 m wavelength is sent through the plasma and modulated by longer wavelength electron density fluctuations. The PCI technique relies on spatial filtering at the phase plate to additionally phase shift the reference beam ͑part of the CO 2 beam͒ by / 2, and this will transform phase variations ⌬ ϰ ͐ñdl in the plasma into intensity variations at the detector array. The scattered signal and reference beam are finally recombined across 32 photoconductive HgCdTe linear detectors, which provide sampling of the density fluctuations along the tokamak major radius with an effective chord spacing that is set by the magnification of the imaging optics system. The analog signal from the detectors, after passing through the preamplifiers which provide a gain of ϳ200, is sent to 32 digitizers with a sampling rate of 10 MHz. This has enabled the Alcator C-Mod PCI system to measure turbulent density fluctuations in the wavenumber range of 0.5-55 cm −1 and in the frequency range of 2 kHz-5 MHz. In Alcator C-Mod, the PCI system has been calibrated with a 15 kHz soundburst from an audio speaker, whose pressure fluctuations are measured with a calibrated microphone. An absolute calibration has been obtained by using the PCI system to measure the density perturbations induced by these sound waves.
Although the PCI diagnostic normally lacks localization along the chords, the vertical variation of the magnetic field pitch angle allows for some localization of short wavelength fluctuations. [19] [20] [21] [22] The method relies on the fact that the magnetic pitch angle ␤ = arctan͑B R / B ͒ changes along a vertical chord passing through the plasma as shown in Fig. 4 , where B R is the magnetic field component along the major radius and B is the toroidal magnetic field. Since the wavevectors of electrostatic turbulence are mainly perpendicular to the field lines, i.e., k · B Ϸ 0, they also rotate from the bottom to the top of the plasma as the field pitch angle rotates. This rotation is imaged onto the phase plate used in the PCI system, where we can select a vertical region of interest by partially masking specific areas of the phase plate. The localizing performance depends on the separation ͑s͒ between scattered beams from two different vertical regions ͑z 1 and z 2 ͒, where s ϰ k⌬␤ and ⌬␤ = ␤ z1 − ␤ z2 . For short wavelength turbulence ͑large k͒, the two scattered beams are completely separated. Based on this principle, the recently installed system in C-Mod ͑Ref. 21͒ consisting of a partially masked phase plate on a rotatable stage allows the PCI system to localize the short wavelength turbulence. In the longer wavelength regime in the ion temperature gradient ͑ITG͒ and trapped electron mode ͑TEM͒ range, the localization is not as fine, but still allows for selection of the turbulence from the top ͑positive z; positive ␤͒ or the bottom ͑negative z; negative ␤͒ of the plasma, thereby resolving the direction of propagation. In addition to the direction of propagation, further analysis can also shed some light on the mode localization ͑core versus edge͒ of the longer wavelength turbulence. Since C-Mod has a larger magnetic pitch angle in the domain of 0.3 m Ͼ ͉z͉ Ͼ 0.1 m, the localizing performance is better for the turbulence coming from the plasma core than that from the plasma edge at the same wavenumbers.
Typical discharges studied in this paper exhibit broadband turbulence as well as a quasicoherent ͑QC͒ ͑Ref. 23͒ fluctuation. The spectrogram of the measured fluctuation from the single PCI chord ͑channel 17͒ is shown in Fig. 5 , corresponding to the plasma evolution shown in Fig. 1 . When the EDA H-mode develops ϳ0.1 s after the off-axis ICRF, the QC mode ͑ϳ140 kHz͒ appears. The visible frequency of the broadband fluctuations increases from 250 kHz at 0.65 s to 450 kHz at 0.90 s. The burst at 0.75 s was due to the unsteady ICRF heating ͑i.e., periodic dropouts͒. The density peaking starts at ϳ1.0 s and ITB forms at ϳ1.1 s. During the density peaking, the intensity of broadband turbulence with frequencies below 100 kHz increases, but the upper bound of the visible frequency of broadband turbulence decreases. Since the experimentally measured frequency equals to the mode frequency plus the Doppler shift due to E ϫ B drift velocity, i.e., f lab = f mode + f EϫB , the decrease of the frequency broadening suggests a corresponding change in the radial electric field. The intensities of both broadband turbulence and QC modes increase following the addition of the on-axis ICRF heating. Figure 6 shows how the mode propagating direction is 
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inferred by comparing the measured frequency/wavenumber spectra with the different localizing configurations. In Fig.  6͑a͒ , the masking plate was set up primarily to view the bottom of the plasma column, and we see that the positive wavenumber QC at frequency ϳ140 kHz and wavenumber ϳ4 cm −1 dominates. In Fig. 6͑b͒ , the masking plate was set up mainly to view the top of the plasma column, and it is seen that the negative wavenumber QC mode dominates. This measurement agrees with the fact that the QC mode propagates in the electron diamagnetic direction. Early studies 23 also show that the QC mode propagates perpendicular to the magnetic field just as the electrostatic turbulence, which validates the use of the localizing procedure. Similar analysis of the frequency/wavenumber spectra in Fig. 6 shows that the broadband turbulence in the frequency range of 200-500 kHz propagates in the ion diamagnetic direction.
The masking system also suppresses the broadband turbulence in the frequency range of 200-500 kHz more strongly than the QC mode. As shown in Fig. 6͑b͒ , for the top plasma view, the ratio of intensity of the broadband turbulence in the negative wavenumber to that in the positive wavenumber is 4.5, while the ratio of intensity of the QC mode in the positive wavenumber to that in the negative is 1.5. Since the top/bottom differentiation is better for the broadband turbulence than for the QC mode, the broadband turbulence has to be localized further radially inward where the magnetic pitch angle is greater ͑as in Fig. 4͒ .
The PCI measurements are averaged over 0.1 s to reduce the statistical uncertainty while turbulence is still evolving within the averaging time range, which causes the ripple patterns as shown in Fig. 6͑a͒ . The comparisons with nonlinear gyrokinetic simulations in Sec. V show that the broadband turbulence is consistent with the ITG turbulence.
The phase velocity can also be calculated from frequency/wavenumber spectra. Before the ITB formation, as in Fig. 6 , the phase velocity of the broadband turbulence is ϳ4 km/ s. After the ITB formation, as in Fig. 7 , the phase velocity of the broadband turbulence is reduced to 2 km/ s. This change of the phase velocity is due the reduction of the E ϫ B Doppler shift.
In Alcator C-Mod, the high resolution spectroscopy ͑Hirex͒ diagnostic 24 measures density ͑n I ͒, temperature ͑T I ͒, flow velocity ͑V and V ͒ of the Ar +17 impurity. The radial electric field ͑E r ͒ can be calculated through the force balance equation left outside for the Hirex diagnostic to make the measurements. Therefore, the Hirex measurements do not extend out past r / a = 0.65 during the ITB, which also approve the existence of an ITB. Because of the reduced radial electric field after the ITB formation, the reduced E ϫ B Doppler shift is not enough to separate the core and edge turbulence in the frequency domain below 250 kHz; thus, the broadband turbulence ͑propa-gating in the ion direction in the H-mode͒ is mixed together with the edge localized QC modes ͑propagating in the electron direction͒. Since the intensity of the broadband turbulence is weaker than that of the QC mode, it will be overwhelmed and the PCI diagnostic cannot resolve its direction of propagation.
IV. GYROKINETIC SIMULATION OF TURBULENT TRANSPORT
To further explore the nature of turbulence and the drive mechanism of thermal transport, we have used GYRO ͑Ref. 1͒ to simulate turbulence and transport. GYRO ͑Ref. 1͒ is a physically comprehensive global code which solves the nonlinear gyrokinetic equations for both ions and electrons.
While GYRO can include electromagnetic effects, the electrostatic approximation is assumed for all the simulations here, since electromagnetic effects are negligible in low ␤ plasmas ͑␤ Շ 0.3% ͒. GYRO can take measured experimental profiles as input and solve the gyrokinetic equations in the realistic geometry ͑Miller local equilibrium formulation͒ in a Eulerian discretization scheme. In our simulation, the input file is prepared from the output of TRANSP ͑Ref. 25͒ using the data translator ͑trgk͒ developed at the Princeton Plasma Physics Laboratory. Both linear stability analysis and nonlinear ͑local and global͒ simulation has been performed.
The ion temperature profile is taken to be same as the electron temperature profile ͓Fig. 2͑b͔͒, since the electrons and ions are strongly coupled due to collisions at such high electron density. The TRANSP analysis also calculates an ion temperature profile consistent with the neutron measurement. 26 The calculated ion temperature is close to the electron temperature, which validates the assumption of T e = T i . Although the Hirex diagnostic can also measure the ion temperature profile, the measured profile does not extend out past r / a = 0.65 as discussed in Sec. III. However, the measured ion temperature inside r / a = 0.65 is close to the electron temperature, which also validates the assumption of T e = T i . Linear stability calculation shows that the ITG mode is the most unstable mode in the plasmas before and during ITB formation. The calculated growth rate spectrum typically peaks at k s ϳ 0.4, where k is the wavenumber in the poloidal direction, s = c s / ⍀ i is the ion-sound Larmor radius, c s = ͑T e / m i ͒ 1/2 is the ion sound speed, ⍀ i = eB / ͑m i c͒is the ion cyclotron frequency, and m i is the ion mass. The frequency of the unstable modes is proportional to k s and the modes propagate in the ion diamagnetic direction. The linear stability calculation also shows that the trapped electron modes ͑TEM͒ are typically stable in the plasma core even after reducing the ion temperature gradient gradually until the ITG modes are stable.
Our nonlinear GYRO simulations include N n modes with a toroidal separation of ⌬n. All simulations are performed with the real mass ratio ͑m i / m e Ϸ 3600͒ and kinetic electrons. The uncertainty of analyzing the electron thermal diffusivity e and the ion thermal diffusivity i separately is large when T i is close to T e ; 27 hence, we only discuss the effective thermal diffusivity eff here, where eff ϵ͑ i + e ͒ / 2. Seven nonlinear simulations ͑five local and two global simulations͒ with no equilibrium E ϫ B shear and no parallel velocity were performed for each case. The comparisons between the experimentally measured and simulated thermal diffusivities are shown in Fig. 8 : ͑a͒ before the ITB onset; and ͑b͒ during the ITB. The simulated turbulent transport agrees well with experiments in non-ITB plasmas, while it is larger than experimental measurements in ITB plasmas with only off-axis ICRF heating. Extensive convergence studies have also been performed. As shown in Fig. 8͑a͒ , the global simulations with different set of modes ͑N n = 28, ⌬n =5 vs N n = 16, ⌬n =10͒ agree with each other. As also shown in Fig. 8͑b͒ , global simulations with different box sizes ͑480 s vs 320 s ͒ match well in the overlapped domain On the left corner of each plot, the diagnostic line-of-sight is shown according to the masking phase plate setup: ͑a͒ The bottom plasma view, ͑b͒ the top plasma view.
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Studies of turbulence and transport… Phys. Plasmas 16, 012502 ͑2009͒ 0.4Ͻ r / a Ͻ 0.68. Our studies also show robust consistency between nonlinear global and local flux-tube simulations at almost all radial positions. To further investigate the discrepancy in ITB plasmas, we have studied the impact of varying the ion temperature gradient, as is done in other studies. 28 Decreasing a / L Ti =−͑a / T i ͒͑dT i / dr͒ by 15% from the baseline parameter, as shown in Fig. 9͑a͒ , is sufficient to reduce the simulated eff to the experimental level at r / a = 0.6. It is also well known that E ϫ B shear can also suppress the simulated transport. 29 As shown in Fig. 9͑b͒ , adding ϳ30 kHz E ϫ B shear lowers the simulated eff to the experimental level. Considering the fact that experimental uncertainty of the ion temperature gradient measurements is above 20% and that E ϫ B shear rates are not yet well measured in Alcator C-Mod, the discrepancy between the experimentally measured and simulated transport in the ITB plasma can be attributed to the experimental uncertainty.
The impact of varying density gradients on turbulent transport has also been studied. The result is shown in Fig.  10 , where it is found that the density gradient variation has a weak impact on turbulent transport. The simulated transport can only be reduced to the experimental level and the trapped electron mode ͑TEMs͒ become significant after increasing the a / L n =−͑a / n͒͑dn / dr͒ by at least a factor of 2, which is outside the experimental error bars based on Thomson scattering data, such as, shown in Fig. 2͑a͒ . Thus, for the measured temperature and density profiles, significant transport contribution from the TEM is not likely.
We have also carried out a detailed linear stability analysis in the electron temperature gradient ͑ETG͒ regime. The unstable ETG is found with the growth rate spectra peaking at k s ϳ 25 across the domain of r / a Ͼ 0.4. Regarding transport studies, we have not had access to computer capabilities that are necessary for nonlinear GYRO simulation of such turbulence. In the future we will undertake an experimental search for high-k turbulence ͑k s Ͼ 1͒ in the ETG regime, which should manifest itself in higher frequency components. 
V. COMPARISON BETWEEN FLUCTUATION MEASUREMENTS AND GYRO PREDICTION
Direct and quantitative comparison between experimentally measured and simulated turbulence in C-Mod is rather difficult. This is partially caused by the limited diagnostic capability and access. For example, PCI measures lineintegrated density fluctuations with an instrumental limit primarily in the wavenumber response. To expedite a comparison between experiment and theory, a virtual diagnostic, known as synthetic PCI diagnostic was developed by the MIT PCI diagnostic group at DIII-D. 11 This technique has been adapted to the Alcator C-Mod PCI diagnostic configurations. The synthetic PCI analyzes the density fluctuation output of the GYRO global nonlinear simulation and emulates the experimental PCI measurements by line-integrating the density fluctuations, i.e., ͐ñ͑z͒dz. Thus, it allows for a direct and quantitative comparison between numerical simulation and experimental measurements.
The synthetic PCI frequency/wavenumber diagram in the non-ITB plasma is shown in Fig. 11͑a͒ . A flat v EϫB = 4.0 km/ s has been added to account for the unmeasured Doppler shift. To emulate the top view configuration of the masked phase plate, a weight function w͑z͒ is added when performing the line integral of density fluctuations, i.e., ͐w͑z͒ñ͑z͒dz. 21, 22 Comparing the synthetic PCI from Fig.  11͑a͒ with the experimental measurement in Fig. 6͑a͒ , the intensity of the simulated turbulence is lower than the experimental measurement in the frequency below 300 kHz, where the PCI measurements begin to be dominated by the edge turbulence. However, as shown in Fig. 11͑b͒ , the fluctuation spectrum measured by PCI above 300 kHz agrees well with the ITG turbulence in GYRO simulation within experimental uncertainty, including the direction of propagation, wavenumber spectrum, and absolute intensity. GYRO only simulates one time point, where the equilibrium profiles are fixed, while the experimental measurements cover 0.1 s. The variation of the density and temperature profiles within 0.1 s will broaden the experimental measurements. Therefore, the synthetic PCI spectra appear to be narrower in wavenumber than the experimental spectra. Moreover, in the synthetic PCI analysis, a flat v EϫB is introduced to account for the unmeasured Doppler shift. The potential variation of v EϫB along the integration chord will also cause a different Doppler shift for the turbulence with the same wavenumber, thereby broadening the experimental spectra.
After the ITB formation, the core and edge turbulence is mixed together on PCI due to the reduced E ϫ B Doppler shift; thus, as shown in Fig. 12 , the synthetic PCI spectra ͑the base case simulation with no reduction of the ion temperature gradient or E ϫ B shear suppression͒, where v EϫB = 2.0 km/ s has been added for the Doppler shift, shows weaker fluctuation intensity than the PCI measurements ͓Fig. 7͑a͔͒ which also include contributions from the plasma edge.
These comparisons show that, when there is sufficient E ϫ B Doppler shift, the fluctuation measurements by PCI are consistent with the ITG turbulence, as expected for H-mode 11 . ͑Color online͒ ͑a͒ Synthetic PCI frequency/wavenumber spectra in the H-mode plasma before the ITB formation. A system response function has been implemented to emulate the top view configuration of the masked phase plate. ͑b͒ Comparison of the synthetic and experimental PCI wavenumber spectra integrated in the frequency range of 300-500 kHz.
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Studies of turbulence and transport… Phys. Plasmas 16, 012502 ͑2009͒ plasmas before the ITB formation. The higher wavenumber part of the core turbulence is shifted toward higher frequencies by Doppler shift and is separated from the edge fluctuations. Under this circumstance, the measured fluctuation spectrum in the higher frequency band ͑above 300 kHz in the H-mode plasma before the ITB formation͒ is dominated by core fluctuations and agrees with simulations. However, when the E ϫ B Doppler shift is reduced, as in the ITB plasma, the core and edge turbulence overlaps. Consequently, although simulation in the core predicts weaker fluctuation intensity than the experimental measurements, this could be caused by significant contribution from the plasma edge and it may well dominate the larger wavelength spectrum ͑k s Ͻ 1͒.
VI. CONCLUSIONS
In this paper, we have presented studies of turbulence and transport in the Alcator C-Mod H-mode plasmas. The studies have included both experimental measurements of turbulence with the PCI diagnostic and numerical simulations of turbulence and transport with GYRO and good agreement is obtained in transport between code simulations and experiments after reducing the measured ion temperature gradient by ϳ15% and/or adding the E ϫ B shear suppression, all within the experimental uncertainty. We have also compared the simulated level of turbulence from GYRO with the experimental measurements through a synthetic diagnostic. The simulated fluctuations agree with experimental measurements. Before the ITB formation, the fluctuations above 300 kHz are measured to be core-localized ͑r / a Ͻ 0.85͒ and agree with the ITG spectrum in nonlinear GYRO simulations, including the direction of propagation, wavenumber spectrum, and absolute intensity, all within an experimental uncertainty. The fluctuation below 300 kHz is dominated by the edge turbulence and shows stronger fluctuation intensity than the GYRO simulation of the core. After the ITB formation, the reduced E ϫ B Doppler shift causes a downshift of the core turbulence in frequency, which makes the core turbulence and edge turbulence spectrum overlaps on the PCI. Consequently, GYRO simulation in the core shows overall weaker fluctuation intensity than experiments which also include contributions from the plasma edge, which may well dominate at sufficiently low frequencies. 
